Treatment-related stomach cancer is an important cause of morbidity and mortality among the growing number of Hodgkin lymphoma (HL) survivors, but risks associated with specific HL treatments are unclear.
INTRODUCTION
Hodgkin lymphoma (HL) is one of the most common malignancies among adolescents and young adults in the United States. 1 Major advances in HL treatment in recent decades have led to dramatic improvements in survival, such that the 5-year relative survival after HL is now 86%. 2 However, second cancers are a leading cause of morbidity and mortality among the nearly 175,000 HL survivors in the United States today. 1, [3] [4] [5] [6] Emerging evidence suggests that development of secondary GI malignancies is of major concern as HL survivors age, and HL treatments may play a critical role in the development of these malignancies. 3, [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] In an international cancer registry study, the relative risk of stomach cancer among HL survivors diagnosed at age 30 years was increased 9.5-fold compared with the general population. 6 The few studies that have investigated stomach cancer risk among cancer survivors with detailed treatment information have suggested an association with subdiaphragmatic irradiation 3, 7, 8, 10, 12, 15 and treatment with alkylating agents (AAs), particularly procarbazine. 7, 15 However, those investigations did not have sufficient numbers of patients to describe
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dose-response relationships, investigate interactions between treatments, or explore risks associated with current therapies. We therefore conducted an international, multicenter nested case-control study among 19,882 Ն 5-year HL survivors to quantify stomach cancer risk in relation to specific HL treatments. In the population-based cohort of 17,447 patients with HL, the cumulative incidence of second primary invasive stomach cancer was 0.39% (95% CI, 0.28% to 0.50%) at 15 years and 0.92% (95% CI, 0.70% to 1.13%) at 30 years, in analyses with death and other second cancers as competing risks. 18 Of the 81 cases of stomach cancer we identified, medical records were available for 72 patients (89%), with all nine excluded patients diagnosed with HL before 1975, likely because older medical records were more prone to have been lost or destroyed. Two controls per case (n ϭ 142) were selected by stratified random sampling from the cohort, individually matched by registry, race, birth date (Ϯ 5 years), HL diagnosis date (Ϯ 5 years), and survival without subsequent cancer at least as long as the interval from HL to stomach cancer of the matched case. Patients from Norway also were matched on hospital of HL diagnosis (Radium Hospital v other). Medical records were obtained for 96% of initially eligible controls; additional controls were sought to identify two controls per case. One case was excluded because no appropriate controls were found, yielding a study population of 71 cases and 142 matched controls. Detailed data on patient demographics, HL diagnosis, and HL treatments were abstracted onto standardized forms from all available records. For cases, additional records were reviewed to confirm stomach cancer diagnosis and identify the stomach tumor location.
PATIENTS AND METHODS

Patients
Individual-level data were obtained from a previous Dutch hospitalbased case-control study of second primary stomach cancer among Ն 5-year survivors of HL (18 cases, 48 matched controls), 7 yielding a final analytic population of 89 cases and 190 matched controls. The study was approved by the institutional review board at each study center and exempted from review by the National Cancer Institute because analyses used existing deidentified data.
Chemotherapy Data
Abstracted chemotherapy data included dates and routes of administration, reason for treatment (primary or recurrence), and specific regimens or drugs. For AAs and topoisomerase II inhibitors, doses also were recorded. Analyses evaluated the cumulative dose (mg/m 2 ), including all treatments administered before stomach cancer diagnosis (comparable dates for controls).
Radiation Dosimetry
Abstracted radiotherapy details included dates of administration, reason for treatment, beam energy, dose delivered, and field location and configuration. Patients generally were treated with mantle fields, with or without subdiaphragmatic fields (Fig 1) , with cumulative target doses of 25 to 45 Gy using conventional fractionation.
Radiation doses to the stomach were estimated using a custom-designed dose program, based on measurements in water and anthropomorphic phantoms constructed of tissue-equivalent material. 19 Using individual patients' treatment parameters, dose was calculated to 464 points in the stomach based on a typical stomach configuration (Data Supplement), 20 summing all radiotherapy treatments received Ն 5 years preceding stomach cancer diagnosis (comparable dates for controls); only three patients received radiotherapy exclusively Ͻ 5 years preceding stomach cancer. Analyses of radiotherapy risks used mean dose to the stomach tumor location (same location for matched controls), specified as cardia, fundus, body, lesser curvature, greater curvature, antrum, or pylorus (Fig 1) . For 14 cases (16%) with unspecified tumor location, analyses used mean dose to the entire stomach.
The stomach size, shape, and location exhibit intra-and interindividual variation depending on stomach contents, respiration, abdominal muscle tone, and body build. 21 Stomach position was unknown for individual patients in the study and likely varied over the course of radiotherapy. We therefore estimated radiation doses to two alternative stomach configurations for sensitivity analyses (Data Supplement).
Statistical Analysis
The relative risk of stomach cancer was estimated using odds ratios (ORs) derived from conditional regression analyses, 22 comparing patients' exposure histories to those of matched controls. Two-sided P values and 95% CIs were based on maximum likelihood methods. The radiation dose-response relation with stomach cancer was assessed initially in categorical logistic regression analyses, with categories based on the dose distribution in the total study population. Additionally, the excess OR per Gy (EOR/Gy) was estimated using the model OR ϭ exp(⌺ j ␣ j x j )(1 ϩ ␤z), where z is radiation dose in Gy, ␤ is EOR/Gy, and x j indicates covariates (eg, chemotherapy). Missing data on radiotherapy dose were handled by including an indicator variable in all analyses.
Chemotherapy-associated stomach cancer risks were assessed initially by estimating the OR for ever having received each specific AA and testing for trend in risk with cumulative dose on a log-linear scale. Additional analyses estimated the OR by dose category, based on the dose distribution in the total study population and taking into account typical doses administered per cycle of commonly used chemotherapy regimens.
Heterogeneity in risks among patient subgroups under a multiplicative model was evaluated by comparing model fit using separate ORs for each subgroup with that using a single estimate. Analyses were performed with SAS software (version 9.2; SAS Institute, Cary, NC) and Epicure (HiroSoft International, Seattle, WA).
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RESULTS
The median age at HL diagnosis was 30 years (range, 11 to 83 years), and 44% of patients were diagnosed in 1975 or later (Table 1) . Seventy-four percent of patients had stage I or II HL. Most patients received radiotherapy (92% cases, 86% controls), with or without AA-containing chemotherapy. Cases received subsequent therapy for HL relapse more frequently than controls (47% v 27%). For cases, the median interval from HL to stomach cancer was 15 years, and median age at stomach cancer diagnosis was 50 years. Overall survival after stomach cancer diagnosis was poor (88% of cases were known to have died; median survival time among deceased, 6 months; range, 0 to 4.6 years).
Cases received radiotherapy with at least some subdiaphragmatic exposure more frequently than controls (69% v 37%; OR, 6.2; 95% CI, 2.1 to 21.4; Table 2 ; Fig 1) . The highest mean doses to the stomach (Ն 25 Gy) were delivered by para-aortic and inverted Y (or spade/dogleg) fields that included the spleen as well as other abdominal fields. Doses from these fields typically varied three-to eight-fold across the stomach, with medial stomach sites (eg, antrum/pylorus) receiving higher doses than lateral sites.
Risk of stomach cancer increased with increasing radiation dose to the stomach tumor location (P trend Ͻ .001; EOR/Gy, 0.09; 95% CI, 0.04 to 0.21) and with increasing number of AA-containing chemotherapy cycles (P trend ϭ .02; Table 2 ). Compared with patients who did not receive radiotherapy, significantly increased risks were observed for patients who received radiation to the stomach Ն 25 Gy. Analyses of individual AAs demonstrated statistically significant associations of stomach cancer after procarbazine (P trend ϭ .003) or dacarbazine (P trend ϭ .008) but not other AAs. Results were similar in a multivariate model including all AAs, although the borderline-significant association of nitrogen mustard dose disappeared after taking into account receipt of procarbazine (data not shown). A multivariate model including only irradiation, procarbazine, and dacarbazine revealed significantly elevated ORs of 5.8 for radiation Ն 25 Gy; 2.9 and 2.3 for procarbazine 5,600 to 8,399 and Ն 8,400 mg/m 2 , respectively; and 8.8 for any dacarbazine.
The association between procarbazine and stomach cancer risk was strikingly dependent on the radiation dose to the stomach (Table  3 ; Fig 2) . Patients who received both radiation to the stomach Ն 25 Gy and procarbazine Ն 5,600 mg/m 2 had 77.5-fold increased risk (95% CI, 14.7 to 1452), based on 25 cases and two controls. No risk was evident in any procarbazine dose category for patients who received radiation to the stomach Ͻ 25 Gy. The interaction between procarbazine and radiation to the stomach was similar by age at HL diagnosis, age at stomach cancer diagnosis, and interval from HL to stomach cancer. Additionally, no clear risk pattern emerged regarding the timing of the treatments; risks were elevated among patients who received both exposures Յ 3 months apart (eight cases, one control), those who received radiation before procarbazine (14 cases, zero controls; median time between exposures, 2.9 years), and those who received procarbazine before radiation (three cases, one control; median time between exposures, 1.6 years). Notably, the radiation-related risk of stomach cancer was increased 2.8-fold (95% CI, 1.3 to 6.4) among patients who received radiation to the stomach Ն 25 Gy but procarbazine Ͻ 5,600 mg/m 2 (23 cases, 41 controls). This radiation-related risk was most evident among patients diagnosed with stomach cancer before age 50 years, compared with those age Ն 50 years (OR, 8.6 v 1.3; P homogeneity ϭ .05). We estimated the proportion of stomach cancer cases attributable to HL treatment to be 99% (95% CI, 90% to 100%) among patients receiving radiation to the stomach Ն 25 Gy and procarbazine Ն 5,600 mg/m 2 and 64% (95% CI, 20% to 84%) among patients receiving radiation to the stomach Ն 25 Gy but procarbazine Ͻ 5,600 mg/m 2 . Although the number of patients who received dacarbazine was too small for reliable dose-response analysis (12 cases, nine controls), the association between dacarbazine and stomach cancer did not seem to be accounted for or modified by exposure to radiation or procarbazine. Receipt of dacarbazine was associated with 5.4-fold (95% CI, 1.1 to 30.2; seven cases, eight controls) increased risk among patients who received radiation to the stomach Ͻ 25 Gy. In addition, although 17 (81%) of the patients who received dacarbazine also were treated with MOPP (mechlorethamine, vincristine, procarbazine, and prednisone), receipt of dacarbazine was associated with 9.5-fold (95% CI, 1.7 to 68.7; six cases, six controls) increased risk among those who received procarbazine Ͻ 5,600 mg/m 2 (Data Supplement). The dacarbazine-related risk also did not vary significantly by age at HL or stomach cancer diagnosis or interval from HL to stomach cancer.
Our findings were similar in sensitivity analyses restricted to histologically confirmed stomach adenocarcinoma (n ϭ 76) and specified tumor location (n ϭ 75) and systematically excluding each study center one at a time (data not shown). Our findings were also similar when we analyzed radiation dose to two alternative stomach configurations (Data Supplement).
DISCUSSION
In this study with detailed treatment data and long-term patient follow-up, we demonstrated increased risk of stomach cancer with increasing radiation dose to the stomach and increasing number of cycles of AAs. A surprising finding was a striking increase in stomach cancer risk among patients with HL who received radiation to the stomach Ն 25 Gy and procarbazine Ն 5,600 mg/m 2 , irrespective of the time elapsed between exposures. We also observed elevated risk among patients who received radiation to the stomach Ն 25 Gy in the absence of procarbazine and among patients who received dacarbazine-containing chemotherapy. Half of the cases in our study Abbreviations: AA, alkylating agent; ABVD, doxorubicin, bleomycin, vinblastine, dacarbazine; COPP, cyclophosphamide, vincristine, procarbazine, prednisone; CVPP, cyclophosphamide, vinblastine, procarbazine, prednisone; DTIC, dacarbazine; HL, Hodgkin lymphoma; MOPP, nitrogen mustard (mechlorethamine), vincristine, procarbazine, prednisone; MVPP, nitrogen mustard (mechlorethamine), vinblastine, procarbazine, prednisone; PROC, procarbazine; RT, radiotherapy.
‫ء‬ Patients from previous study 7 were pooled with our study. †Includes Hodgkin's granuloma (12 cases, 23 controls) and unspecified histology (14 cases, 28 controls).
‡Initial treatment was defined from start of treatment to occurrence of Ͼ 3-month period without treatment. One control had initial surgery only. Subsequent AA plus RT may have been administered during same treatment course or sequentially.
§Matched time period for controls. ʈHistologic confirmation in 86 (97%) of 89 cases. Other histology includes carcinoma not otherwise specified (n ϭ 4), neuroendocrine (n ϭ 2), sarcoma (n ϭ 2), unclassified (n ϭ 2), and unknown because diagnosis was based on clinical data/imaging only (n ϭ 2).
were diagnosed with stomach cancer at age Յ 50 years-20 years younger than the median age of stomach cancer diagnosis in the general US population. 1 Our findings should therefore raise clinician and patient awareness of the risk of treatment-related stomach cancer in HL survivors, even many years after the completion of therapy.
To our knowledge, our study provides the first robust evidence of a supramultiplicative interaction between chemotherapy and irradiation on risk of subsequent solid cancer. In the previous analysis of the Dutch data, including both HL and testicular cancer survivors (42 cases, 19 of which occurred after HL), stomach cancer risk increased Abbreviations: AA, alkylating agent; ABV, doxorubicin, bleomycin, vinblastine; BEACOPP, bleomycin, etoposide, doxorubicin, cyclophosphamide, vincristine, procarbazine, prednisone; HL, Hodgkin lymphoma; MOPP, nitrogen mustard (mechlorethamine), vincristine, procarbazine, prednisone; OR, odds ratio. a P trend in dose was calculated using continuous variables on linear scale for irradiation or log-linear scale for AA chemotherapy. b Details on radiotherapy fields are provided in Figure 1 . One case (1%) and three controls (2%) received radiotherapy but did not have detailed information on field type. ORs and 95% CIs were adjusted for No. of cycles of AA-containing regimens.
c Radiation dose was estimated to specific site of stomach tumor (matched location for controls). d ORs and 95% CIs were adjusted for No. of cycles of AA-containing chemotherapy. Patients with unknown radiation dose (two cases, nine controls with insufficient details on radiotherapy) were modeled separately with indicator variable and excluded from percentages.
e Includes patients with 5.0 to 9.9 (zero cases, five controls), 10.0 to 14.9 (one case, four controls), 15.0 to 19.9 (one case, five controls), and 20.0 to 24.9 Gy (two cases, six controls).
f Includes both cyclic and continuous chemotherapy, with 1 month of continuous therapy counted as one cycle. OR (95% CI) was adjusted for radiation dose (unknown; Ͻ 25, Ն 25 Gy).
g Each AA was modeled separately with adjustment for radiation dose (unknown; Ͻ 25, Ն 25 Gy). ORs and 95% CIs compare patients who received that AA with referent group of patients who did not. P trend uses cumulative dose (mg/m 2 ). h Multivariate model included radiation, procarbazine, and dacarbazine and was also adjusted for unknown radiation dose (two cases, nine controls). i Assuming procarbazine dose of 1,400 mg/m 2 per cycle (14 days ϫ 100 mg/m 2 per day), categories correspond to zero, one to three, four to five, and Ն six cycles of MOPP or MOPP-like regimens. Other protocols (eg, MOPP-ABV, BEACOPP) include procarbazine dose of 700 mg/m 2 per cycle.
with increasing dose of radiation to the stomach and increasing cumulative dose of procarbazine. 7 Additionally, in a recent report from the Childhood Cancer Survivor Study, occurrence of GI malignancies overall (45 cases total, six with stomach cancer) was associated with abdominal irradiation, increasing dose of procarbazine, and receipt of platinum-based chemotherapy. 15 However, neither of the previous studies were limited to HL survivors, nor did they have sufficient numbers of exposed patients to evaluate the extent to which a dosedependent synergistic effect between chemotherapy and irradiation on stomach cancer risk after HL might exist.
The precise biologic mechanism by which ionizing radiation and oral procarbazine could interact to induce stomach cancer is unclear.
Procarbazine is a member of the hydrazine/triazene class of AAs that causes DNA methylation after metabolization to methyl diazonium. 24 Mice exposed to oral procarbazine experience genotoxicity to the stomach mucosa. 25 In vitro studies have demonstrated a number of plausible mechanisms for synergistic effects of chemotherapy and irradiation in disrupting normal cell-cycle progression and DNA repair mechanisms, 26, 27 but no comparable data exist in humans. Although our data clearly support a synergistic effect of procarbazine and irradiation, with only two controls receiving radiation to the stomach Ն 25 Gy and procarbazine Ն 5,600 mg/m 2 , the exact magnitude of the risk is highly uncertain. Previous reports have demonstrated that chemotherapy and irradiation have an additive effect on Abbreviations: ABV, doxorubicin, bleomycin, vinblastine; BEACOPP, bleomycin, etoposide, doxorubicin, cyclophosphamide, vincristine, procarbazine, prednisone; HL, Hodgkin lymphoma; OR, odds ratio. ‫ء‬ Radiation dose was estimated to the specific site of the stomach tumor (matched location for controls). †Assuming a procarbazine dose of 1,400 mg/m 2 per cycle (14 days ϫ 100 mg/m 2 per day), Ն 5,600 mg/m 2 corresponds to Ն four cycles of MOPP or MOPP-like regimens. Other protocols (eg, MOPP-ABV, BEACOPP) include a procarbazine dose of 700 mg/m 2 per cycle. ‡ORs and 95% CIs were adjusted for receipt of any dacarbazine and unknown radiation dose. Patients with unknown radiation dose were excluded from percentages. §P interaction between irradiation and procarbazine was calculated using a likelihood ratio test under the multiplicative model. ʈStomach cancer risk among patients who received radiation to stomach tumor site Ն 25 Gy but procarbazine Ͻ 5,600 mg/m 2 was compared between patient subgroups using a likelihood ratio test. Age at HL diagnosis: OR Ͻ 30, 7.1 v OR Ն 30, 1.5; P homogeneity ϭ .11. Age at stomach cancer diagnosis: OR Ͻ 50, 8.6 v OR Ն 50, 1.3; P homogeneity ϭ .05. Interval from HL to stomach cancer: OR Ͻ 15, 4.2 v OR Ն 15, 1.5; P homogeneity ϭ .30. lung cancer risk 28 or multiplicative effect on sarcoma risk. 29 Further research is warranted to understand potential synergistic effects of treatments in long-term toxicities.
Although HL treatment has changed over time, procarbazine remains an important chemotherapeutic agent in clinical practice. Among the patients in our study who received procarbazine, 93% were treated with MOPP or MOPP-like cyclic chemotherapy regimens, the mainstay of HL treatment during the 1970s and 1980s. 30 The remaining 7% of patients received continuous procarbazine (as single agent or combined with other agents such as vinblastine). In the 1980s, recognition of the high risks of leukemia and infertility with MOPP led to a decline in its use as first-line therapy. 31 Nevertheless, procarbazine remains an important component of combined chemotherapy with the increasing use of BEACOPP (bleomycin, etoposide, doxorubicin, cyclophosphamide, vincristine, procarbazine, and prednisone), 32 especially in Europe, and continued use of MOPP or MOPP-like chemotherapy for relapsed or progressive HL. Although our data support increasing risk of stomach cancer with increasing dose of procarbazine, our sample size was insufficient (five cases, 13 controls) to distinguish risks at varying doses of procarbazine Ͻ 5,600 mg/m 2 in patients who also received radiation to the stomach Ն 25 Gy.
Our study also found elevated stomach cancer risk among patients who received dacarbazine, a component of ABVD (doxorubicin, bleomycin, vinblastine, and dacarbazine) and the most commonly used first-line therapy for HL in the United States today.
33,34 The dacarbazine-related stomach cancer risk was evident among patients not treated with subdiaphragmatic radiotherapy or procarbazine Ն 5,600 mg/m 2 . However, these findings should be interpreted cautiously because 17 (81%) of the patients who received dacarbazine were also treated with MOPP, and our results could remain confounded by exposure to these other carcinogens. Too few patients received ABVD alone (two cases, two controls) to evaluate stomach cancer risk with this chemotherapy regimen. Dacarbazine is biologically similar to procarbazine and is also broadly carcinogenic in mice and rats.
24,35 However, unlike procarbazine, dacarbazine is administered intravenously, and no data exist on the effect of dacarbazine on the stomach in either humans or animals. Because of the prevalence of dacarbazine use in current HL treatment, further investigation of late effects is warranted.
Increased risk of stomach cancer was also observed among patients who received subdiaphragmatic radiation exposure with procarbazine Ͻ 5,600 mg/m 2 , particularly those treated at a younger age. Our findings are consistent with earlier reports of increased stomach cancer risk after radiotherapy for peptic ulcer disease 36 or cervical cancer 37 or ionizing radiation exposure from the atomic bombs in Japan. 38, 39 Because current treatment approaches use reduced radiation volumes and doses and improved irradiation techniques, 33,34 the percentage of patients with a history of subdiaphragmatic radiotherapy doses Ն 25 Gy should decrease. However, the absence of significantly increased risk at radiation doses Ͻ 25 Gy in this study should be interpreted cautiously because few patients in our study received radiation to the stomach 5 to 24.9 Gy, precluding precise risk estimation in this dose range. Additionally, uncertainties in the radiation dose to the stomach remain because individual patients' stomach position during radiotherapy was unknown. Finally, a linear dose-response relation with stomach cancer has been reported in other settings, 36-39 which supports elevated risk even at low radiation doses.
The primary strengths of this study include investigation of a substantial number of patients exposed to procarbazine (139 v Յ 30 in previous studies), 7 ,15 abstraction of detailed radiation and chemotherapy dose data from medical records, and individual reconstruction of radiation doses to the stomach tumor location. These detailed treatment data enabled thorough investigation of risks in patients with and without radiotherapy as well as the separation of the effects of specific chemotherapeutic agents. Moreover, because radiation dose varied three-to eight-fold across the stomach, we analyzed dose to the specific location of the stomach tumor to more accurately estimate radiation-related risk. HL treatment approaches have evolved considerably over the last several decades and have been at the forefront of efforts to balance treatment efficacy with toxicity. 40 Our study adds strong evidence to the growing concern that GI malignancies represent an important adverse late effect of treatment for patients with HL and other patients receiving comparable treatments. For current patients, risks and benefits of exposure to both procarbazine and subdiaphragmatic radiotherapy should be weighed carefully. For patients who were treated previously with subdiaphragmatic radiotherapy, symptoms referable to the GI tract should be evaluated promptly. Consideration of expanded screening of HL survivors for second cancers in the highestrisk patients may be warranted, 41 along with expanded research of carcinogenic risks with other drugs that are commonly used today, including dacarbazine and platinum agents. 
